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Abstract 
    The medium composition and the fermentation pH significantly affect the performance of biobutanol fermentation. 
In this study, sodium bicarbonate, ammonium acetate, acetate buffer, and calcium carbonate were added into medium 
for pH control to enhance the butanol production. When the ammonium acetate was added into the medium at a 
concentration of 6 g/l, the butanol concentration increased from 2.0 g/l to 3.6 g/l since the acetate was the precursor 
of butanol metabolism. Acetate buffer with a concentration of 100 mM was used to maintain the pH at a constant 
level and also provides the precursors for ABE fermentation, exhibiting a marked increase in the butanol 
concentration from 2.0 g/l to 9.8 g/l. Calcium carbonate is shown to be effective in controlling the pH of the ABE 
fermentation. When the concentration of calcium carbonate was greater than 8 g/l, the pH value could be maintained 
at higher than 4.8, which is an appropriate pH for ABE fermentation. Finally, the pH of ABE fermentation was 
controlled via auto-titration method. Controlling at pH 4.5 was the most suitable condition. Although batch mode 
operation of butanol fermentation gave high ABE production, continuous fermentation was preferred to achieve 
higher butanol productivity. The butanol yield and productivity obtained while operating on the continuous mode at a 
HRT of 24 h were 0.18 g-butanol/ g-glucose and 0.36±0.10 g/l/h, respectively. In the integrated process of continuous 
fermentation combined with in-situ butanol removal by vacuum membrane distillation, the butanol yield and 
productivity were further elevated to 0.21±0.04 g-butanol/ g-glucose and 0.51±0.09 g/l/h, respectively. 
 
© 2014 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
 
The pH of the medium is very important to the acetone–butanol-ethanol (ABE) fermentation. In 
acidogenesis, rapid formation of acetic and butyric acids causes a decrease in pH. Solventogenesis starts 
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when pH reaches a critical point, beyond which acids are re-assimilated and solvents were produced. 
Therefore, low pH is a prerequisite for solvent production [1], while an appropriate pH control strategy is 
the key for stable and effective bio-butanol production [2]. In addition, one of the most critical problems 
in ABE fermentation is solvent toxicity, which limits the concentration of carbon substrate that can be 
used for fermentation resulting in low final solvent concentration and productivity. Therefore, in this 
work, a in-situ product removal system based on membrane distillation was used to lower the solvent 
concentration in the fermentation broth so that the overall butanol production can be further enhanced. 
2. Methods 
2.1. Bacterial strain and culture medium 
In this study, Clostridium acetobutylicum BCRC 10639 (purchased from the Bioresource, Collection 
and Research Center, Taiwan) was used for butanol fermentation. Each experiment started from spore 
culture of C. acetobutylicum. In order to germinate the spores of C. acetobutylicum, spore culture was 
heat shocked for 2 min at 70oC and transferred to fresh pre-culture medium at 37oC for 24-36 h. After 
pre-culture, the culture was transferred to the fermentation medium (ńlostridium reactor medium, CRM) 
[3] with an inoculums size of OD600 0.05 (i.e., 0.0165 g/L). Different chemicals or buffers were used to 
control the pH of the fermentation broth. 
2.2. Continuous ABE fermentation combined with in-situ product removal system  
Continuous fermentation was carried out as follows: ABE fermentation was first operated on batch 
mode for 36 h, until the glucose utilization was nearly 80% with a significant amount of butanol produced. 
After that, the fresh CRM medium containing  60 g/l glucose was then continuously fed into the 
fermentor at different hydraulic retention time (HRT).  The ABE production using the continuous 
fermentation was combined with vacuum membrane distillation (VMD) for the in-situ separation of 
solvent. The capillary VMD module made from PTFE membrane (King membrane Energy Technology 
Inc, Tainan, Taiwan) was used in this experiment. The membrane had a nominal diameter of 0.2 ȝm in 
pore size and a porosity of ca. 80%. The effective membrane area amounts to 266 cm2. The broth was 
recycled back to the fermentor, while the permeate was subjected to condensation inside the membrane 
module by a condenser to collect the solvents.lts and discussion 
 
3. Results and discussion 
3.1 The effect of pH control on batch ABE fermentation 
In this study, several chemicals were added in the ABE fermentation medium to maintain the pH at 4.5. 
The added chemicals were sodium hydrogen carbonate, ammonium acetate, acetate buffer, phosphate 
buffer, critic acid buffer and calcium carbonate. When the ammonium acetate was added into the medium 
at the concentration of 6 g/l, the butanol concentration increased from 2.0 g/l to 3.6 g/l since the acetate 
was the precursor of butanol [4]. Acetate buffer with a concentration of 100 mM was used to control the 
pH at 4.5 and also provides the precursors for ABE fermentation. Addition of acetate buffer led to an 
increase in butanol concentration from 2.0 g/l to 9.8 g/l. Calcium carbonate was also used to maintain the 
pH of the ABE fermentation. When the concentration of calcium carbonate was greater than 8 g/l, the pH 
can be effectively maintained at higher than 4.8, which is an appropriate pH for ABE fermentation. 
For comparison, the effect of pH control with auto-titration was also investigated. When the pH was 
controlled at a high pH (i.e. pH 5.5), the metabolic pathways moved toward the production of 
biohydrogen, while very few solvents were produced, giving the hydrogen and butanol production of 12.5 
l/l and 5.4 g/l, respectively. In contrast, when the pH was controlled at 4.5, higher solvent production was 
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achieved, giving the solvent and butanol production of 17.78 g/l and 11.1 g/l, respectively. Compare the 
butanol yield and production rate at pH 4.0 to 4.5, the butanol yield at pH 4.0 and 4.5 were quite similar 
at 0.40 and 0.41 mol-butanol/mol-glucose, respectively. However, the butanol production rate at pH 4.0 
and 4.5 were 0.157 and 0.236 g/l/h, respectively, indicating that butanol production rate was higher when 
controlling the pH at a lower level (i.e. pH 4.0). However, operating fermentation at pH 4.0 could make 
the cell grow slowly but the butanol yield become higher. Finally, pH control at 4.5 was the best 
condition for both butanol production rate and yield. In summary, the addition of calcium carbonate had 
the ability to maintain the pH of fermentation, and the effects of fermentation pH were more important 
than the concentrations of precursors in the medium. 
3.2 ABE fermentation on continuous stirred-tank reactor (CSTR) 
In order to enhancing butanol productivity, CSTR operation was conducted. The continuous ABE 
fermentation was operated at a HRT of 24 h with pH controlled at 5.0 and 4.5, respectively. The overall 
fermentation profiles are presented in Fig. 1. During the cultivation time of 100 h to 312 h, the 
fermentation reach steady-state with pH control at pH 5.0 and a HRT of 24 h as indicated between the 
second and third vertical dashed line in Fig. 1. For the cultivation time of 312 h to 533 h, the fermentative 
conditions were pH= 4.5 and HRT= 24 h. When the continuous fermentation was conducted at pH 5.0 
and HRT 24 h, the hydrogen production was dominant with a hydrogen production rate and yield of 
501.8±69.9 ml/l/h and 1.80±0.33 mol-H2/mol-glucose, respectively. In contrast, solvents production was 
less efficient when operating at a higher controlled pH (5.0), resulting in a butanol concentration, 
productivity and yield of 6.51±0.93 g/l, 0.27±0.04 g/l/h, 0.32±0.06 mol-butanol/mol-glucose, respectively. 
When the continuous fermentation was operated at a controlled pH of 4.5 and a HRT of 24 h, the butanol 
concentration, productivity, and yield were significantly higher at 8.80±0.49 g/l, 0.39±0.04 g/l/h, and 
0.41±0.03 mol butanol/mol glucose, respectively, whereas the hydrogen production rate and yield were 
lower at 395.3±51.4 ml/l/h and 1.36±0.19 mol-hydrogen/mol-glucose, respectively. These pH-effect 
results are consistent with those observed on batch fermentation, showing that the culture tended to 
produce hydrogen more efficiently at a higher pH (i.e. pH 5.0) but solvent production is favorable at a 
lower pH (i.e. pH 4.5). 
3.3 ABE fermentation on continuous stirred-tank reactor (CSTR) combined with in-situ removal system 
Figure 1 shows that glucose utilization was only 85% for both pH control tests (i.e., pH 5.0 and 4.5) 
due to the product inhibition and solvent toxicity [5]. In order to eliminating the product inhibition 
problem, in-situ solvent removal system using vacuum membrane distillation (VMD) was integrated with 
the continuous fermentor. The CSTR was operated with controlling pH at 4.5 and HRT 24 hr and it was 
combined with VMD after 109 h. Figure 2 shows the ABE fermentation profiles of the CSTR-VMD 
combined system, while Fig. 3 shows the profile of the total solvent concentration and productivity in 
both the condenser and the fermentation broth. Figure 2 shows that the solvent concentration in the 
fermentation broth was effectively decreased to 2-3 g/l, which seems to mitigate the product inhibition 
effects to favor ABE fermentation. The results showed that the butanol productivity and yield were 
increased to 0.51±0.09 g/l/h and 0.51 mol-butanol/mol-glucose (Fig. 2). When VMD was started, the 
solvents concentration in the fermentation broth decreased immediately and the highest butanol 
productivity (0.71 g/l/h) was obtained 7 h after VMD were activated (Fig. 3). This butanol productivity is 
nearly doubled when compared with VMD-free system. 
When membrane distillation was used, the cell density in the fermentor was concentrated, while the 
solvent concentration was decreased. Both of these might be the reason for achieving the high butanol 
productivity. Moreover, the glucose utilization also increased to 99.5%. The organic acid concentrations 
were similar to those observed when using the continuous fermentation without in-situ product removal. 
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This indicates that the VMD process has a high selectivity. As a result, most of the organic acids still 
remain in the fermentation broth serving as the precursor of solvent. Therefore, the in-situ removal system 
could enhance not only the butanol yield but also productivity. 
 
4. Conclusion  
Maintaining an appropriate proper pH played an important role in achieving good butanol fermentation 
performance. Controlling pH at 4.5 via auto-titration is preferable for ABE fermentation. Integrating the 
continuous fermentation with membrane distillation-based product removal system is shown to 
significantly enhance both the butanol production and butanol productivity. 
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Fig. 1. Profiles of continuous ABE 
fermentation . The CSTR was operated 
with pH control at pH 5.0 and a HRT 
of 24 h between the second and third 
vertical dashed line, and then it was 
operated with pH control at pH 4.5 and 
a HRT of 24 h from the third to fourth 
dashed line. After the fourth dashed 
line, there were the phenomenon of 
solvent degeneration. 
Fig. 2 Profile of continuous ABE 
fermentation combined with VMD 
(measured in the fermentation 
broth).VMD was first operated 
between the first and second 
dashed line, and second operated 
from the third dashed line. 
Fig. 3. Total solvent concentration 
and productivity in both removed 
solvent (measured in the condenser 
and in the fermentation broth). The 
significances of dashed lines were 
same as Fig. 2. 
